Highly intensive stocking of dairy cattle on continuously grazed pasture coupled with liberal applications of commercial fertilizer can lead to increased losses of agricultural nutrients, which is a concern for water quality of receiving lakes and surface water resources. Integrated economic-environmental model simulations performed for the Lake Fork Reservoir Watershed in northeast Texas indicate that appropriate pasture nutrient management including stocking density adjustments and more efficient commercial fertilizer use could lead to significant reductions in nutrient losses. Soluble and organic P losses were predicted to decline by 54 and 13% relative to baseline conditions when manure P was assumed totally plant available (Low P scenario). The soluble and organic P loss reductions declined to 33 and 7 % when only inorganic P was assumed plant available (High P scenario). Simulation of an N-based manure management plan resulted in the smallest predicted soluble and organic P loss reductions of 18 and 3%. Nitrogen loss predictions ranged from a 7% decline to a 1% increase for the 3 scenarios as compared to the baseline. The High P and Low P scenarios resulted in estimated aggregate profit reductions of 6 and 18% relative to the baseline. These profit declines occurred because the dairies had to acquire additional pasture land to accommodate the expanded area required for the P-based scenarios. In contrast, the N-based stocking density and nutrient management scenario resulted in an aggregate profit increase of 3 % across all dairies. Variations in economic impacts were also predicted across farm sizes.
A National Pilot Project (NPP) on Livestock and the Environment was initiated in 1992 to help provide solutions regarding environmental problems associated with livestock manure management (Jones et al. 1993) . A major development of the NPP is the Comprehensive Economic and Environmental Optimization Tool -Livestock and Poultry (CEEOT-LP), an integrated modeling system designed to generate economic and environmental indicators for different scenarios encompassing alternative manure processing technologies, variations in rates and modes of landapplied manure and commercial fertilizer, and other best management practices. The initial application of the modeling system was for a range of policy scenarios focused on manure management in the upper north Bosque river watershed as described by Pratt et al. (1997) and Osei et al. (2000b) .
To evaluate implications of various management practices on dairy pasture operations, the modeling system was next applied to pasture-based dairy operations located in the Lake Fork Reservoir Watershed (LFRW) in northeast Texas (McNitt et al. 1999) . In livestock agriculture, most nonpoint sources of excessive nitrogen and phosphorus loads have been attributed to confined animal feeding operations whereas pasture-based operations have received relatively minor attention. However, Bottcher et al. (1995) estimated that significant nutrient losses would occur from grazed pastures with high animal densities in the Lake Okeechobee region of Florida, based on various monitoring results and unpublished computer simulations. In a review of several studies, Correll (1996) found that pastures managed with high levels of exogenous nutrients and high animal densities could seriously impact the quality of surface waters.
Belsky et al. (1999) , in an extensive review, also report that water quality impacts from livestock grazing have been documented across the United States. The objective of this study was to evaluate the economic and environmental impacts of alternative pasture stocking densities and appropriate commercial fertilizer supplementation based on conditions prevailing in the Lake Fork reservoir watershed.
In light of the existing literature, it was hypothesized that low stocking densities and reduced commercial fertilizer supplementation on pastures would lead to a decline in nutrient losses. However, these would also have economic implications to producers due to expected per hectare yield declines and the need to obtain larger pasture area for grazing livestock. To obtain quantitative estimates of these impacts, the following questions were posed:
1. How much change in N and P losses would result from typically suggested pasture nutrient management standards (including stocking density adjustments and commercial fertilizer reductions)?
2. What economic impacts to producers are associated with these standards?
The Lake Fork Reservoir Watershed
The Lake Fork Reservoir Watershed (LFRW) contains an 11,210 ha lake that is used primarily for fishing and water supply. Since the early 1990s substantial work done as part of the Lake Fork Creek Hydrologic Unit Area (LFCHUA) project, a cooperative interagency project initiated in the study area, has resulted in improvements in water quality (LFCHUA 1995) . As part of the Hydrologic Unit Area project, water quality measurements were taken in the watershed, which showed elevated levels of N and P in some of the tributaries of the Lake Fork Reservoir (LFCHUA 1995 (1999) to generally result in significant reductions in nutrient losses for the watershed. Pasture-based beef production and cow-calf operations that raise calves for slaughter or for replacement of milking cows on dairies are also prevalent in the watershed. Manure deposition and commercial fertilizer applications were both sources of nutrients to the improved pastures used by the beef and dairy operations.
Approximately 71 % of the watershed land area was used for pasture in 1996, with about 44% classified as improved and the remaining 27% defined as unimproved (Ewer and Easterling 1998) . Forest and brush cover almost 8% of the remaining land area; less than 2% of the land area was devoted to cropland. Most of the land is characterized by deep, loamy to sandy soils that are slowly permeable and well drained. Average annual temperature and precipitation are 10° C and 1,118 mm.
Model Framework and Simulation Methodology
Alternative stocking density scenarios for the watershed were performed in a whole-farm manner through an interface of the economic and environmental components within the modeling system (Fig. 2). The Farm-level Economic Model (FEM) is a representative farm model (Osei et al. 2000a) model (Williams 1990 (Williams , 1995 that is used in the modeling system to simulate alternative management scenarios such as variations in manure and fertilizer application rates, and adoption of structural best management practices (BMPs). Edge-of-field sediment and nutrient losses simulated in APEX, coupled with losses simulated in the SWAT model from other land uses, are routed in SWAT through the stream system to the watershed outlet. Watershedlevel indicators from SWAT were used in this study to assess the environmental impacts of the simulated scenarios.
However, APEX edge-of-field indicators can also be used in conjunction with, or instead of, the SWAT indicators (Fig. 2) The remaining land that was not simulated in the edge-of-field model was simulated in the watershed-scale model, and this constituted the majority of the watershed land area. Unimproved pasture was simulated as rangeland in the watershedscale model. Improved pasture, woodland, urban, and the reservoir were the other simulated land use categories. The rangeland and improved pasture were assumed grazed by beef cattle according to the stocking rates described by Bailey and Riggs (1996) . Simulated N and P application rates via manure deposition and inorganic fertilizer on pastures and rangeland grazed by beef cattle were also based on values reported by Bailey and Riggs (1996) . Point source N and P loadings to tributaries of the Lake Fork Reservoir from 4 waste treatment facilities were accounted for in the watershed model. The total N and P loads calculated for the baseline and alternative scenarios were the sum of N and P loadings contributed by 7 different tributaries that drain into the reservoir.
Edge-of-field and Economic
Model assumptions
It was estimated that a typical milking cow in the watershed produces 127 kg N and 27 kg P annually in manure based on ASAE standards (ASAE 1995) . These estimates were based on the mean plus 1 standard deviation of the ASAE values, following customary practice in formulating dairy waste management plans in the study area. Assuming that the percentage of manure deposited on pasture is directly proportional to amount of time spent there, about 88% of manure nutrient is deposited on pasture and the remainder is collected from the milking parlor and applied on fields designated for liquid waste. This assumption is based on extensive data in the study area which indicates that cows are confined for milking 3 hours each day and turned out on pasture for the remainder of the day (TNRCC various years).
Appropriate manure application rates or stocking densities are based on plant available manure nutrients rather than total manure nutrient production because of various losses and transformations that occur prior to plant uptake. Two adjustments were incorporated in the simulation of manure nitrogen deposited on pasture in order to estimate the proportion that was available for plant uptake. First, it was assumed that 20% of the manure N would volatilize from the soil surface, based on permitting guidelines used by the Texas Natural Resource Conservation Commission (TRNCC) as described by Flowers et al. (1998) . Second, only 50 % of the remaining manure N was assumed to be plant available within the first year after direct deposition on pasture, again following local guidelines (Flowers et a1.1998).
Subsequent mineralization of the N applied in the manure will release additional plant available N within the soil in the years following deposition (USDA 1979 , Flowers et al. 1998 Chemist 1996) . Thus the total plant available nitrogen going on pasture each year from manure and commercial fertilizer sources was about 1.5 times the agronomic rate (Table 2) .
Additional Economic Model Assumptions
The scenarios simulated entail various rates of manure and commercial fertilizer nutrients on pasture. To account effectively for economic impacts of these scenar- In spite of these pasture forage yield adjustments, stocking densities and fertilizer application rates were based on baseline yields to reflect realistic producer behavior since it is impracticable that most producers would estimate yield adjustments in advance and modify application rates accordingly. It was important to mimic actual producer behavior to obtain good estimates of the scenario impacts.
Economic modeling accounted for greater forage availability and uptake by cows when total pasture forage production is increased. However, the model did not assume a proportional decrease in feed costs. This is because larger pasture forage production means that cattle would consume more coastal and wheat forage, necessitating adjustments in purchase of supplemental feed for the herd. The model includes a comprehensive livestock nutrition component that mimics the way producers (and their nutritionists) determine livestock rations. Based on typical milk yields in the study area (ranging from about 6,700 kg to 7,900 kg per cow annually for the 4 dairy groups), over 50% of dry matter intake of lactating cows is from supplemental feed, which is provided in feed troughs placed on the pasture. In extreme cases of overabundant pasture and hay forage production some forage raised on hay fields might be sold.
A two-step General Algebraic Modeling System (GAMS) process (Brooke et al. 1992) was used to estimate purchased feed cost and how much forage, if any, is sold. First, a feed cost minimization process was performed assuming that any unused forage from hay fields or pasture would be sold at a "price" (shadow value) lower than the selling price. During the second step of the process, the unused forage was assumed sold at the selling price rather than the shadow value with adjustments made for marketing expenses. For the watershed simulations, the shadow value for pasture forage was estimated to be $0 per ton based on model calibrations. In other words, dairy producers in the watershed would use as much pasture and hay field forage as they can on the dairy, and only sell what the cows cannot consume.
Alternative Pasture Nutrient Management Scenarios
The first pasture nutrient management alternative simulated for the watershed was performed by setting the stocking density to 7.7 cows ha', resulting in a manure plant available nitrogen rate of 336 kg ha' that is equal to the nitrogen agronomic requirement of the forage (Table 2) . Thus it was assumed that the N needs of the pasture forage were completely met by manure N, eliminating the need for supplemental N fertilizer applications. The N rate scenario also resulted in correspondingly higher inorganic P and total manure P application rates that were 2.2 and 3.3 times greater than the agronomic P rate of the crop (Table 2) . Again, supplemental P fertilizer was not required for this scenario, because the crop uptake requirements for P were more than satisfied by manure P.
Two alternative P-based stocking density scenarios were also simulated for the watershed, defined as "High P" and "Low P". These scenarios reflected prevailing opinions about how P-based nutrient management plans should be designed. The High P stocking density scenario assumes that the organic (particulate) component of manure P is not readily available for plant uptake resulting in the inorganic P portion in the manure being deposited at a rate equivalent to forage agronomic P requirements. The calculated High P stocking rate of 3.5 cows ha' results in manure inorganic P and total P deposition rates of 54 and 84 kg ha', and associated manure plant available nitrogen and total N application rates of 155 and 386 kg ha' (Table 2) .
Due to the disparity between the NIP ratio of manure nutrients and that of forage requirements, commercial fertilizer N was required at a rate of 182 kg ha' to meet the forage agronomic N requirements.
The Low P option assumes a stocking density and commercial nutrient application such that manure total P supplies all forage P needs. The resulting stocking rate was estimated to be 2.2 cows ha', with corresponding manure inorganic and total P deposition rates of 35 and 54 kg ha' (Table 2 ). In this case, an even higher commercial fertilizer N rate of 235 kg ha' was simulated to meet the agronomic N requirements of the pasture forage. The Low P scenario entails the least stocking density and consequently the greatest pasture area requirement. Monthly streamflow values were measured between September 1978 and September 1989 at site l; nutrient and sediment measurements were performed between 12 April, 1994 and 11 November, 1996. 3Standard deviations reported for the observed and simulated flows were 0.875 and 0.703; standard deviations were not reported for the other indicators.
Consistent with scenario specifications, alternative stocking densities and associated supplemental commercial N fertilizer rates were simulated in the economic model for the lactating and dry cow pastures but not for the heifer pastures. Other assumptions were held at baseline specifications. The stocking density simulated for the N scenario is actually higher than the stocking density assumed for the baseline, which suggests that open access grazing operations in the watershed generally have adequate land to manage pasture nutrients according to forage N requirements. Forage N needs were being exceeded in the baseline because of commercial fertilizer rates used on pasture. Producers could, therefore, alternatively reduce commercial fertilizer rates, maintain current stocking densities, and still achieve reasonable pasture nutrient management regarding forage N requirements.
The P-based scenarios require additional pasture area that is currently not owned or farmed by dairies. Thus moving to the P scenarios may present logistical problems in some cases. Based on land availability and farming practices in the study area, it was assumed that dairy producers would purchase rather than lease additional land when they need to increase pasture area beyond existing levels.
Results and Discussions

Model Testing
Testing of the environmental models for watershed baseline conditions built upon previous testing of the models for the Upper North Bosque River watershed, in which edge-of-field output was compared -60' with flow, sediment, and nutrient runoff losses at the edge of 8 field plots (Flowers et al. 1996) and watershed-scale model output (that incorporated edge-of-field loadings) was compared with in-stream observations of flow, sediment, and nutrients (Saleh et al. 2000) . Monitoring data available for the Lake Fork reservoir watershed was relatively sparse, consisting of in-stream flow measurements at 1 site and in-stream sediment and nutrient observations at 5 other sites (3 of which were only monitored for 9 days). Watershedscale model predictions, that included edge-of-field loadings from dairy pastures and hayfields, were compared with flow measurements at sampling site 1 (Fig. 1) for a 10-year period and with sediment and nutrient measurements at sampling site 2 (Fig. 1) for slightly more than 2.5 years (the site with the longest record of in-stream sediment and nutrient observations). Predicted mean values for flow and other indicators compared favorably with observed means (Table 3) 
Scenario Results
Environmental model simulations were performed for 30 years using daily precipitation, maximum temperature, and minimum temperature data obtained for Sulphur Springs, Texas and other nearby weather stations. Other required weather inputs were generated internally in the environmental models. improved water quality benefits. Because the current stocking density is between the N and High P stocking densities, this suggests that producers only need to apply commercial fertilizer at lower rates than they do now to obtain a 4 to 7% reduction in total N loads and 12 to 23% reduction in total P loads at the watershed level. Edge-of-field reductions from the dairy pastures would be even higher. Economic impacts estimated using the economic model are shown in Figure 4 , which shows baseline net returns to unpaid labor and management for each dairy group and at the aggregate watershed level, and the percentage changes in net returns that occur when the stocking density scenarios are imposed. The watershed aggregate impacts were obtained as a weighted sum of the individual dairy effects using the number of dairies in each group as the weighting factor. Results presented in Figure 4 indicate that most dairies can benefit financially by shrinking pasture sizes slightly to accommodate forage N requirements with plant available manure N only and eliminating all commercial fertilizer sources. At the watershed-level, dairy profits increase by almost 3% in response to the N-based stocking density scenario.
Contrary to the N-based scenario, the Pbased pasture nutrient management alternatives are costly. The High and Low P alternatives would cost producers 6 and 18% of current profits in aggregate, respectively. Table 5 shows various cost components and other indicators for all scenarios. In spite of the expanded area, total fertilizer cost is lower for all dairies under the High P scenario relative to the baseline. On the other hand, notwithstanding the increased pasture area total feed cost is no less under the High P scenario than the baseline, primarily because total forage production is slightly less due to much lower per hectare forage yield. The High P scenario assumes lower plant available manure nutrient as well as lower commercial fertilizer rates on pasture. The consequent reduction in forage yield more than offsets the increase in pasture area. Thus it is apparent that the cost increase associated with the High P scenario is related primarily to the annualized cost of additional land acquisition.
The distinction between the High P and Low P scenarios is based on the inorganic P fraction of manure as compared to the total P fraction. Because inorganic P comprises about 65% of total manure P for dairy cattle, it might be expected that the High P scenario would result in an economic impact that is generally about twothirds that of the Low P scenario. The results in Table 5 indicate that this is not the case. The cost incurred under the Low P scenario is much higher because some of the land required when moving from the baseline to the High P scenario is already available, whereas all of the land required when moving from the High P scenario to the Low P scenario has to be purchased.
Furthermore, fertilizer costs are higher with the Low P option, and purchased feed costs do not decline in a manner proportionate with pasture forage consumption. The latter results from the assumption that dairy producers would strive to maintain milk yields, which imposes various constraints on feed ration formulation. Thus the Low P scenario results in significantly greater cost to dairy producers than the High P option.
Finally, the economic impacts across dairy size groups are also significant (Fig. 4 and Table 5 ). This result suggests that, where possible, it may be socially optimal to give producers some latitude in choosing a set of options that would enable them to meet environmental criteria in a performance-based program. This latitude would result in a substantial decrease in the cost of nutrient loss reduction due primarily to the beneficial impacts of accounting for spatial variability across the grazing operations.
Cost-effectiveness estimates for P loss reduction All 3 alternative scenarios presented above reduce total P loads relative to the baseline. While the Low P alternative provides the best prospect for P loss reduction, it can also lead to an increase in soluble N loads. The choice among these scenarios may also depend upon costs to dairy producers. Cost effectiveness estimates pro- bScenarios with higher net returns than baseline value indicate net financial benefit relative to the baseline, and vice versa. such situations. These coefficients represent the unit cost of pollutant reduction, for example, the unit cost of P load reduction.
Model simulation results were used to obtain cost-effectiveness coefficients for P load reduction as -$69, $70, and $140 per kg of total P load reduced for the N, High P, and Low P scenarios. That is, for every kg of P reduced, producers would save $69 if the N scenario is used, they would lose $70 if the High P alternative is in place, and they would incur a $140 cost if the Low P option is used. These results do not mean, however, that the N scenario is necessarily the "best" alternative. It means that within limits of acceptable error, if no more than 12% reduction in aggregate P loads at the watershed level is desired, the N scenario might be the most reasonable option because it achieves a roughly 12% reduction in aggregate P loads and producers obtain a profit increase, a win-win situation. However, the N scenario will not accomplish environmental objectives, if a P load reduction target much greater than 12% is desired. It may be useful in some cases to target different scenarios to vanous producers, depending on spatial variability in economic and environmental impact potential, as other studies have also shown (e.g. Carpentier et al. 1998 , VanDyke et al. 1999 ).
Summary and Conclusions
Many watersheds draining areas of intensive livestock farming have experienced varying degrees of water quality impairment due to nutrient enrichment from manure and commercial fertilizer applications. In the Lake Fork Reservoir Watershed (LFRW) of Texas, water quality measurements taken as part of a Hydrologic Unit Area project indicated elevated levels of N and P in tributary streams. Upland areas draining into the lake are predominantly characterized by dairy and beef cattle grazing operations that also apply commercial fertilizer on pasture. The Hydrologic Unit Area project indicated that highly intensive stocking of cattle on continuously grazed pasture may be partly responsible for excessive nitrogen and phosphorus loads to the lake and that appropriate stocking density management could reduce nutrient losses from dairy pasture. In this paper, results of computer model simulations performed to evaluate pasture nutrient management alternatives for the watershed were presented.
Pasture stocking densities were adjusted to conform to forage nutrient uptake requirements. In addition, commercial fertilizer rates on pasture were modified so that the combined rate of manure and commercial fertilizer nutrients applied to pastures was consistent with forage needs.
Computer simulations using a comprehensive suite of models indicated that appropriate pasture nutrient management does have potential for nutrient loss reduction, particularly for phosphorus, which is typically the nutrient of primary concern regarding eutrophication of lakes. Economic results indicated varying impacts across dairy sizes and across the N, High P, and Low P pasture nutrient management alternatives.
Whereas the nitrogen-based option would entail slight profit increases to producers (an aggregate profit increase of 3%), the Pbased rates would result in moderate to significant cost increases (from 6 to 18% decline in profits on aggregate). 
